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Abstract
So far, electrorotation and its application to the determination of single cell properties have been limited to eukaryotes.
Here an experimental system is described that allows the recording of electrorotation spectra of single bacterial cells. The
small physical dimensions of the developed measuring chamber combined with a single frame video analysis made it possible
to monitor the rotation of objects as small as bacteria by microscopical observation despite Brownian rotation and cellular
movement. Thus physical properties of distinct organelles of E. coli could be simultaneously determined in vivo at
frequencies between 1 kHz and 1 GHz. Experimental data were evaluated following a three-shell model of the cell. Electrical
conductivities of cytoplasm and outer membrane were determined to 4.4 mS/cm and 25 WS/cm, respectively, that of the
periplasmic space was found to increase with the square root of the medium ionic strength. Specific capacitances of inner and
outer membrane amounted to 1.4 WF/cm2 and 0.26 WF/cm2, respectively, the thickness of the periplasm to about 50 nm. Heat
treatment of the cells lead to a reduction of cytoplasmic conductivity to 0.9 mS/cm, probably caused by an efflux of ions
through the permeabilized inner membrane. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
Although E. coli is the most extensively studied
organism so far, physiological investigations on the
single cell level are relatively rare, mainly because of
its small size. Especially electrophysiological methods
like patch clamping require larger cells calling for
additional cell manipulations like application of anti-
bodies or selection of giant strains [1,2]. In addition,
digestion of the cell envelope is necessary to gain
information about organelles within the outer mem-
brane. On the other hand, the use of alternating elec-
tric ¢elds allows properties of inner cellular struc-
tures to be determined without any further
preparation. However, such methods, like impedance
measurements [3,4] or dielectrophoretic studies [5,6],
integrate over a large number of objects, so di¡er-
ences between cells within a population cannot be
assessed. The advantages of non-invasiveness and
single cell investigation are combined by electrorota-
tion. Placed in a rotating electric ¢eld, cells exhibit
rotation in co-¢eld or anti-¢eld direction depending
on external parameters, such as ¢eld frequency, as
well as on internal cell properties [7^12]. Even rota-
tion of submicroscopical objects, like viruses, can be
measured by light scattering [13]; however, at the
expense of losing information about an individual
particle. A number of physical models are available
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for a quantitative interpretation of the experiments
[14^18]. However, electrorotation studies on bacteria
have been performed only recently, which still do not
measure rotation of single cells rather than that of
polystyrene beads covered with a bio¢lm [19] or just
a single cell [20]. Whilst the former delivers quanti-
tative data on a group of Klebsiella cells, the latter
just allows a distinction between live and dead Es-
cherichia coli cells. More detailed information can be
expected from electrorotation of single bacterial cells
alone, but such experiments were hindered so far by
the small physical size of bacteria and hence di⁄cul-
ties in observing their rotation. In this work, an ex-
perimental system is presented that enables such
measurements, and that has been applied to the char-
acterization of individual living and heat-treated E.
coli cells.
2. Materials and methods
Cells of E. coli, strain C600, were grown in liquid
growth medium (either 0.5% peptone, 0.3% meat ex-
tract, or 1% tryptone, 0.5% yeast extract, 1% NaCl)
at 30‡C and were harvested after 1 day in the sta-
tionary growth phase. For ¢nal suspension conduc-
tivities of less than 50 WS/cm, cells were washed twice
and then resuspended in distilled water. For higher
conductivities, the cell suspension was directly di-
luted about 100-fold either with distilled water or
nutrient broth resulting in a ¢nal cell density of
10^40 cells in the interelectrode space. Medium con-
ductivities were determined with a conductivity meter
(LF Digi 550, WTW, Weilheim).
Due to the small size of E. coli compared to other
cells studied so far by electrorotation, microscopical
observation was expected to be greatly a¡ected by
lateral as well as rotational Brownian motion [14].
In addition, the active movement of living E. coli
cells makes it even more di⁄cult to measure bacterial
rotation solely with the help of a microscope. There-
fore, cell rotation was registered by a CCD-camera
(VCC-2972, Sanyo, Ko«ln) and a video recorder (HR-
S7000, JVC, Japan) and evaluated afterwards on the
basis of single video frames (Fig. 1). In order to
guarantee unambiguous assignment of video record-
ings to experimental conditions, a system was set up
that allows experimental parameters, such as fre-
quency, voltage and time, to be recorded simultane-
ously on the same tape. For that, the frequency set-
tings of the quadrature generator [21] are captured
by a laptop computer with the help of a custom-
made interface. This also acquires the ¢eld amplitude
measured close to the rotation electrodes. The image
of the computer’s LCD screen is taken by a second
video camera (WV-1800/C, Panasonic, Hamburg)
and combined with the cell’s image by a purpose
built summation circuit, which also allows the bright-
ness of each image to be adjusted independently.
Synchronization of both images is accomplished by
feeding the second camera’s video signal into the
synchronization input of the CCD camera. As an
alternative to this optical coupling of computer and
video system, the applicability of a commercial PC to
TV converter (Encoder 3, Animation Technologies,
Taiwan) was tested, that electronically converts the
computer’s VGA signal into a PAL video signal.
Although this approach gave a stable picture when
directly fed to a monitor (TC-1637DR, Panasonic,
Hamburg), this could not be achieved in combina-
tion with the video recorder and therefore was not
followed further.
Cells are observed microscopically in the phase
contrast mode of the microscope (BH2, Olympus,
Hamburg) with a U40 objective (NA = 0.7) and a
U6.7 photo eyepiece. Objectives with higher magni-
¢cation would lead to a shorter working distance and
hence to problems due to the rotation chambers
height.
The rotating electric ¢eld is produced by four elec-
trodes in a square arrangement (Fig. 2) powered by
four signals of equal amplitude and frequency, at
phase shifts of 0‡, 90‡, 180‡ and 270‡, respectively.
The electrodes are prepared from a gold layer on a
glass substrate by standard photo-lithographic tech-
niques. Their shape is optimized with regard to high
¢eld homogeneity at a high ¢eld strength [22]. The
distance between opposite electrode tips was chosen
to be 100 Wm which is only a quarter of that used in
previous studies on larger cells [11,21]. The corre-
sponding increase in ¢eld strength improves the sig-
nal-to-noise ratio which is determined mainly by the
ratio between electrorotational torque and Brownian
rotation [14]. Whereas Brownian rotation in£uences
electrorotation measurements of eukaryotes to an ex-
tent comparable to other sources of errors, it be-
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comes the most in£uential factor when investigating
smaller objects, like bacteria. The square glass sub-
strate is let into a hole in a double-sided copper-clad
epoxy glass board of 1 mm thickness. The four phase
shifted signals are delivered by a custom made quad-
rature generator working from 100 Hz to 1.6 GHz
[21]. Signals are fed to the electrodes via coaxial ca-
bles, RF connectors (SMA, SMR-mini) and micro-
strip lines, all having 50 6 impedance. The reduced
thickness and higher permittivity of the epoxy glass
board as compared to a previously used Te£on
board [21] reduces signal re£ections and hence am-
plitude errors caused by discontinuities at the tran-
sition from microstrip line to electrode layer. Termi-
nation resistors are mounted as close to the
electrodes as possible (Fig. 2). Integrating them
into the substrate minimizes signal re£ections and
avoids mechanical interference with parts of the ac-
tual measuring chamber.
The signal amplitude is measured by a demodula-
tor probe close to one electrode which for the men-
tioned reasons is placed within the board material.
To cover the intended frequency range of at least six
decades, components of very small physical size and
low parasitic capacitance and inductance are em-
ployed. In this respect, the most critical parts are
the coupling capacitor and the demodulator diode.
A coupling capacitor of 100 nF is chosen to give a
su⁄ciently low frequency limit. The high frequency
limit is determined by the inductance of that capaci-
tor and that of the diode which are rather propor-
tional to their geometrical length. For a linear rela-
tionship between AC amplitude and demodulated
signal a Schottky diode (BAT 14-03W, Siemens, Mu-
nich) is used. Its very small parallel capacitance of
0.35 pF combined with an e¡ective inductance of not
more than 3 nH results in a resonance frequency of
at least 5 GHz, well above the interesting frequency
range. The demodulator probe was calibrated with
the help of a radiofrequency voltmeter (RF 1000,
Grundig, Fu«rth) and a radiofrequency synthesizer
(HM 8133, Hameg, Frankfurt a.M.) as well as by a
purpose-built calorimeter. Within the interesting fre-
quency range (between 1 kHz and 1 GHz), its re-
sponse was constant with a maximum deviation of
less than 5%.
In order to unambiguously determine bacterial cell
rotation, microscope objectives of high resolution
and hence short working distance have to be applied.
Therefore, an extremely thin polypropylene gasket of
only 0.2 mm height is placed onto the electrodes and
the glass substrate (Fig. 2, section A). The substrate
somewhat protrudes above the board to avoid inter-
ference of the cover slide on top of the chamber with
the solder connections on top of the board. Micro-
strip lines and electrode layers are connected by elec-
trically conductive glue (Conrad, Hirschau). When
mounting the gasket, great care was taken to get a
level and smooth surface in order to achieve a rather
tight seal between gasket and cover slip, even with-
out any additional sealant. The gasket is ¢xed by nail
varnish, which exhibits a higher strength than paraf-
¢n wax and still can be loosened later by organic
solvents. Any possible impact of the varnish on the
cells is excluded by limiting the cell suspension vol-
ume to not more than 1.5 Wl, corresponding to a
diameter of the drop of less than 2 mm after apply-
ing the cover slide. Restricting the suspension volume
to the very tip of the electrodes additionally helps in
keeping the electrodes’ resonance frequency high.
Due to the high permittivity of water (Or = 80) the
electrical length of the electrodes is about three to
four times larger than their geometrical length if
completely covered with water [21]. Without any
water, with an electrode length of 6.6 mm and a
permittivity of the underlying glass of not more
than 5.5, a resonance frequency around 5 GHz was
calculated using a transmission line calculation pro-
gram (Linecalc, HPEEsof, USA). This value is well
above the highest frequency applied here of 1 GHz,
so that additional amplitude and phase errors can be
avoided [10,21].
3. Results and discussion
Electrorotation spectra of single E. coli cells at
various medium conductivities are presented in Fig.
3. Between 20 and 30 frequency points from 1 kHz to
1 GHz, i.e. ¢ve per decade, were measured which, on
average, took 7 min (3^13 min). As already expected
from theory and from experiments on larger, spher-
ical cells, the anti-¢eld rotation maximum is shifted
towards higher frequencies with increasing medium
conductivity. This also leads to a similar shift of the
curve’s zero crossing, and co-¢eld rotation is parti-
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ally cancelled out. In order to deduce quantitative
information on the properties of cellular organelles
from the experiments, a physical model of the cell is
needed, that leads to calculable mathematical expres-
sions. Quite a number of such models have been
developed in recent years (e.g. [14^18]), most of
which are based on a spherical symmetry of the cells.
Unfortunately, E. coli cells are rods of less than 1 Wm
diameter and 2^4 Wm length. Although the theory of
Sauer and Schlo«gl [14] deals with cylinders, it is not
applicable here, because it only covers rotation
around the object’s longitudinal axis. For the inter-
pretation of dielectric measurements on suspensions
of E. coli, Asami et al. [3] developed a two-shell
model of a cell with the interfaces between adjacent
shells being confocal ellipsoids. This theory was
modi¢ed by Kakutani et al. [18] to be applicable to
electrorotation of ellipsoids with an arbitrary number
of shells. For a prolate ellipsoid, a deviation of the
usually expected Lorenzian shape of the spectra is
predicted, presumably similar to e.g. the shoulder
around 100 MHz in Fig. 3a. This could possibly be
just a consequence of their concept of confocal ellip-
soids, because this leads to a non-uniform thickness
Fig. 1. System for simultaneous recording of cell rotation and
experimental parameters. The cell is observed microscopically
with a video camera. Frequency settings, amplitude and time
are displayed by a computer whose screen is captured by a sec-
ond camera. Video signals of both cameras are combined and
recorded for a later single frame analysis.
Fig. 2. Schematic view of the electrode chamber. Planar gold
electrodes are shaped by photolithography on a glass substrate.
This is placed into a square hole in a double-sided copper-clad
board. Termination resistors of the transmission lines are inte-
grated into the board. Cell suspension and cover slide are not
shown. Electrode thickness is not to scale.
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of each shell, a limitation that already has been
pointed out in [3]. Although Zhou et al. [23] used
this theory to explain the rotation of yeast cells, no
real experimental proof of the model could be found
in the literature. This means that both the ellipsoidal
and the spherical cell model need some rather unre-
alistic assumptions when applied to E. coli cells. In
such a situation, it was judged to be appropriate
choosing the simpler model, i.e. the spherical shell
model. However, for the calculation of the frictional
torque of the cell due to the surrounding medium, a
hydrodynamic ellipsoid model was used [24].
Being a Gram-negative bacterium the cytoplasm of
E. coli is surrounded by two lipid bilayers separated
by the periplasmic space [25]. Therefore, experimen-
tal data were ¢tted according to a three-shell cell
model [17,26] with a sum-of-least-squares method
(solid lines in Fig. 3). Application of simpler models
strongly reduced the quality of the ¢t. Relative per-
mittivities of cytoplasm, inner membrane, periplasm,
outer membrane and suspending medium were kept
constant for the ¢tting procedure at values of 60, 3,
60, 3, and 76...78 (depending on medium ionic
strength), respectively.
In order to determine the degree to which the de-
rived parameters ¢tted the experimental data, a re-
gression coe⁄cient, b, was de¢ned:
b  13
X
i
Restgi3Rexpgi2X
i
Rexpgi2
with Rexp(gi) and Rest(gi) being the experimental and
estimated rotation rates at the frequency gi [9]. A
good agreement between experiment and simulation
is represented by values of b close to unity.
The conductivity of the cytoplasm was found to
vary from cell to cell between 3.1 and 5.4 mS/cm
with an average value of 4.4 mS/cm ( þ 1.0 mS/cm
standard deviation). From impedance measurements
on cell suspensions [3,27], values of 3.0 and 3.6 mS/
cm follow based on a single-shell spherical cell model
and a double-shell ellipsoid model, respectively. The
remaining discrepancies could be caused by the dif-
ferences in shape and complexity of the models as
well as due to di¡erent bacterial strains and growth
conditions. Interestingly, a similar deviation has been
found for impedance and electrorotation studies on
yeast cells [4,21], where cytoplasmic conductivity de-
duced from electrorotation is 30% higher than that
following from the impedance experiments. The val-
ue for E. coli found here exactly coincides with that
found for Klebsiella, also a Gram-negative bacte-
rium, by electrorotation of polystyrene beads covered
with these prokaryotes [19].
Properties of periplasm and outer membrane could
be deduced from electrorotation spectra only with
uncertainties of around 50%, because those spectral
regions where these compartments in£uence rotation-
al behavior overlap with each other as well as with
the main peaks caused by the cytoplasm and the
inner membrane. However, no alternative method
could be found in the literature for the determination
Fig. 3. Typical electrorotation spectra of three individual E. coli
cells at di¡erent medium conductivity each. Solid lines represent
least-squares ¢ts to the data according to a three-shell cell mod-
el. The quality of the ¢t given by the regression coe⁄cient b
was (a) 0.987, (b) 0.994 and (c) 0.976.
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of these parameters except their thickness, which can
be measured by electron microscopy [28,29]. For the
outer membrane’s speci¢c capacitance, a relatively
low value of 0.3 þ 0.2 WF/cm2 was found as com-
pared to 1 WF/cm2 usually reported for biological
membranes [31]. From this, a thickness of the outer
membrane of 11 þ 4 nm follows which corresponds
quite well with electron microscopical data of 11 and
6 nm [28,29] exhibiting a similar degree of uncer-
tainty. However, one has to keep in mind that elec-
trorotation depends on the thickness of the electri-
cally insulating part of the membrane which is only
the hydrophobic part [30]. On the other hand, mac-
romolecules, like lipopolysaccharides on the cell’s
surface [25], might increase the electrically apparent
thickness. The thickness of the periplasm determined
to 50 þ 40 nm just lies in between the average values
of 30 and 70 nm resulting from electron micro-
graphs. The outer membrane’s conductivity was
determined to be 25 þ 14 WS/cm for all suspension
conductivities. By linear extrapolation of the conduc-
tivity of E. coli porins reported as 2 nS each at 0.1
S/cm medium conductivity [32], a rough estimate
is obtained of 5 WS/cm for the entire outer mem-
brane.
Periplasmic conductivity cperi was found to in-
crease with medium ionic strength cext from 60 to
900 WS/cm. Such a dependence seems plausible in
view of the relatively high conductivity of the outer
membrane and the ion exchange capability observed
for the cell envelope as a whole [33]. Linear regres-
sion analysis of the logarithm of the parameters leads
to the empirical equation cperi = 31Uc0:4ext (r
2 = 0.74).
A similar dependence has been found in an electro-
rotation study for the inner (glucan) part of the cell
wall of the yeast Saccharomyces cerevisiae [21]. Addi-
tional statistical analysis of the yeast data reveals a
nearly exact proportionality between the square root
of the suspension’s conductivity and that of the glu-
can layer (cglu = 6.6Uc0:54ext , r
2 = 0.985). The high cor-
relation of the yeast data results from the fact that
they stem from studies on an individual cell at var-
ious medium compositions, while in this work varia-
tions between di¡erent cells lead to additional scat-
ter. Thus a square root correlation can also be
assumed for the periplasm of E. coli. A similar cor-
relation has been found in impedance studies on bac-
terial suspensions [33]. However, it is based on the
assumption of a homogeneous cell envelope, so both
correlations cannot be directly compared.
The conductivity of the inner membrane could
only roughly be estimated from the experiments.
This is caused by the low sensitivity of the rotational
spectrum on that parameter [34] and the unknown
periplasmic ionic strength, which also has to be de-
duced from the experiment. Nevertheless, an upper
limit for membrane conductivity could be deduced
depending on medium ionic strength. At 20 WS/cm
and 1.5 mS/cm, a reasonable simulation of the ex-
periments could only be attained for membrane con-
ductivities below 0.5 WS/cm and 5 WS/cm, respec-
tively.
The speci¢c capacitance of the inner membrane
was found to amount to 1.5 þ 0.5 WF/cm2. This ca-
pacitance is smaller than that reported for impedance
measurements [3] of 1.9 WF/cm2. However, these au-
thors discuss the possibility of overestimating this
value due to the assumption of a non-uniform mem-
brane thickness. Still, the value found here is larger
than 1 WF/cm2 usually assumed for cell membranes
and can be explained by foldings of the membrane
[9,35], which increase the e¡ective membrane area
and hence the apparent membrane capacitance as
compared to the smooth surface assumed by the
theory. Such roughness of the membrane is clearly
visible in electron micrographs, though di⁄cult to
quantify.
To account for additional frictional e¡ects during
cell rotation a scaling factor has to be introduced
into the ¢tting procedure. For a proper interpreta-
tion of this parameter, the ¢eld strength at the cell’s
position must be known. This was calculated accord-
ing to an equivalent resistor network model [22] and
subsequently corrected in the z-direction with a ¢-
nite-element ¢eld analysis program (Elcut, TOR, St.
Petersburg, Russia) taking into account the planar
shape of the electrodes. A reduction of the ¢eld
strength of 51% was calculated as compared to in-
¢nite parallel plate electrodes and ideal superposition
of the x- and y-component. With the resulting ¢eld
strength of 28 kV/m, the scaling factor was deter-
mined to 0.67 þ 0.04 corresponding quite well to val-
ues around 0.7 found for yeast cells [21]. This reduc-
tion by a third probably is a consequence of the
surface roughness of the cell and macromolecules
reaching into the medium, neither of which are cov-
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ered by the cell model. Especially the cells’ £agella
will hinder rotation.
Cells that were kept at 70‡C for 5 min exhibit a
narrowing of the co-¢eld rotation peak and a shift of
that peak towards lower frequencies (Fig. 4). This
shift can be interpreted as a reduction of cytoplasmic
ionic strength. Indeed, from the three-shell model, an
inner conductivity of 0.9 þ 0.1 mS/cm follows for
heat-treated cells, which can be explained by a dam-
age to the inner membrane and an e¥ux of cytoplas-
mic ions. The properties of the inner membrane are
masked by another anti-¢eld rotation below 10 kHz,
which leads to a rather constant rotation rate over at
least two frequency decades and which cannot be
¢tted satisfactorily by the present cell model. A sim-
ilar e¡ect has been found for yeast, especially after
chemical and physical treatment, at frequencies
about an order of magnitude lower [8,11], and has
been attributed to the cell wall. A portion of the
cytoplasmic ions could be held back by the peptido-
glycan network, leading to a counterion layer on the
cell surface. Such layers are thought to be the cause
of low-frequency electrorotation [36]. The di¡erent
frequency ranges of this e¡ect found for bacteria
and yeasts could be a consequence of the size de-
pendence postulated by theory [14,37,38] and re-
ported for liposomes [39]. The mechanism for low
frequency electrorotation of dead bacterial and yeast
[8,11,40] cells seems to be di¡erent from that ob-
served for arti¢cial objects like liposomes [39] or la-
tex beads [20,36] and still to be di¡erent from that of
living yeasts [21]. Whilst dead cells exhibit anti-¢eld
rotation that is rather constant over more than a
frequency decade, arti¢cial objects spin in ¢eld direc-
tion with a clear maximum. The latter observation
can be explained by the induced dipole of the particle
and its attending electric double layer [38] or by elec-
tro-osmotic movement of the electrolyte inside the
electric double layer [41]. The type of low frequency
electrorotation found for dead yeasts [8,11,40] and in
this work for dead bacterial cells which is directed
against the sense of ¢eld rotation has not yet been
explained in the literature. For a detailed treatment,
more experimental indications are needed, for exam-
ple by variation of medium pH and conductivity as
well as by well de¢ned modi¢cation of the cell wall,
e.g. by enzymatic digestion.
4. Conclusion
An experimental system has been developed that
allows the registration of bacterial electrorotation
and the simultaneous recording of experimental pa-
rameters for a subsequent analysis on the basis of
single video frames. The small physical dimensions
of the measuring chamber made it possible to acquire
electrorotation spectra of single bacterial cells despite
their small size and interference of Brownian motion.
These spectra were evaluated applying a spherical
three-shell model. From this, absolute values of
physical properties of distinct cell organelles were
deduced as well as changes of these values in re-
sponse to physical treatment.
Further improvements of the chamber construc-
tion will enable better optical resolution, so that
also spherical and smaller cells can be studied. For
example, the in vivo investigation of porins or me-
chanosensitive channels, which are not yet accessible
in unmanipulated bacterial cells, will be a future tar-
get. Observation of cells over longer periods of time
and local con¢nement by optical tweezers or negative
dielectrophoresis will help in studies of the cell cycle.
However, for detailed quantitative information on
cellular properties, improvements of the present the-
ories are needed.
Fig. 4. A typical electrorotation spectrum of one individual E.
coli cell after heat inactivation at 70‡C for 5 min. The solid line
represents a least-squares ¢t to the data above 50 kHz accord-
ing to a three-shell cell model (regression coe⁄cient b= 0.998).
The rotation e¡ect below 50 kHz cannot be simulated by the
applied model.
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